Relative contributions of diverse, managed ecosystems to greenhouse gases are not completely documented. Th is study was conducted to estimate soil surface fl uxes of carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O) as aff ected by management practices and weather. Gas fl uxes were measured by vented, static chambers in Drummer and Raub soil series during two growing seasons. Treatments evaluated were corn cropped continuously (CC) or in rotation with soybean (CS) and fertilized with in-season urea-ammonium nitrate (UAN) or liquid swine manure applied in the spring (SM) or fall (FM). Soybean (SC) rotated with CS and restored prairie grass (PG) were also included. Th e CO 2 fl uxes correlated (P ≤ 0.001) with soil temperature (ρ: 0.74) and accumulated rainfall 120 h before sampling (ρ: 0. in PG and SC to between 3 and 5 kg ha −1 yr −1 in CCFM and CSUAN and >8 kg ha −1 yr −1 in CCSM; diff erences were driven by pulse emissions after N fertilization in concurrence with major rainfall events. Th ese results suggest fall manure application, corn-soybean rotation, and restoration of prairies may diminish N 2 O emissions and hence contribute to global warming mitigation.
Relative contributions of diverse, managed ecosystems to greenhouse gases are not completely documented. Th is study was conducted to estimate soil surface fl uxes of carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O) as aff ected by management practices and weather. Gas fl uxes were measured by vented, static chambers in Drummer and Raub soil series during two growing seasons. Treatments evaluated were corn cropped continuously (CC) or in rotation with soybean (CS) and fertilized with in-season urea-ammonium nitrate (UAN) or liquid swine manure applied in the spring (SM) or fall (FM). Soybean (SC) rotated with CS and restored prairie grass (PG) were also included. Th e CO 2 fl uxes correlated (P ≤ 0.001) with soil temperature (ρ: 0.74) and accumulated rainfall 120 h before sampling (ρ: 0.53); N 2 O fl uxes correlated with soil temperature (ρ: 0.34). Seasonal CO 2 -C emissions were not diff erent across treatments (4.4 Mg ha −1 yr −1 ) but diff ered between years. Manured soils were net seasonal CH 4 -C emitters (0.159-0.329 kg ha −1 yr −1
), whereas CSUAN and CCUAN exhibited CH 4 -C uptake (−0.128 and −0.177 kg ha −1 yr −1 , respectively). Treatments signifi cantly infl uenced seasonal N 2 O-N emissions (P < 0.001) and ranged from <1.0 kg ha −1 yr −1
in PG and SC to between 3 and 5 kg ha −1 yr −1 in CCFM and CSUAN and >8 kg ha −1 yr −1 in CCSM; diff erences were driven by pulse emissions after N fertilization in concurrence with major rainfall events. Th ese results suggest fall manure application, corn-soybean rotation, and restoration of prairies may diminish N 2 O emissions and hence contribute to global warming mitigation.
Greenhouse Gas Fluxes in an Eastern Corn Belt Soil: Weather, Nitrogen Source, and Rotation
Guillermo Hernandez-Ramirez USDA-ARS Sylvie M. Brouder* Purdue University Douglas R. Smith USDA-ARS George E. Van Scoyoc Purdue University C oncerns about global warming have intensifi ed interest in carbon (C) sequestration enhancement and greenhouse gas (GHG) mitigation. Th e soil C pool (1500 Pg) is the largest active terrestrial C reservoir (Schlesinger, 1997) , and it may behave as both sink and source of atmospheric C-CO 2 (Cole et al., 1996; Lal, 2004) . Stable forms of soil C are mainly built up via photosynthesis in plants and the subsequent biomass deposition and humifi cation in soils (Follett, 2001; Eve et al., 2002) . In contrast, soil organic C losses back to the atmosphere occur primarily due to biological oxidation as root respiration and microbial soil respiration of plant residue and soil organic matter (Andrews et al., 1999 ). An additional source of CO 2 is anthropogenic fossil fuel combustion. Th e annual CO 2 emission from soils (60 Pg yr ) into the atmosphere is 10 times larger than the fl ux due to burning fossil fuels (6 Pg yr −1 ) (Schlesinger and Andrews, 2000) .
In addition to CO 2 , agricultural soils are typically a major source to the atmosphere of the GHG N 2 O (Kroeze et al., 1999) but are either a minor emitter or small sink of CH 4 (Bronson and Mosier, 1993) . Methane biosynthesis in anaerobic soils occurs via CO 2 reduction and/or acetate fermentation pathways (Avery et al., 2003) , with the pathway being dependant mainly on the redox potential (Hou et al., 2000; Yu and Patrick, 2003) . In contrast, CH 4 consumption as oxidation to CO 2 (Knowles, 1993) may be catalyzed by methanotrophs (Henckel et al., 2000) and NH 4 + -oxidizing bacterium (Hanson and Hanson, 1996) . Nitrous oxide production in soils includes nitrifi cation and denitrifi cation pathways (Bremner and Blackmer, 1981; Sutka et al., 2006) . Atmospheric concentrations of CO 2 , CH 4 , and N 2 O have increased during the last 250 yr from 278 to 365, from 0.700 to 1.740, and from 0.270 to 0.314 μL L mental Panel on Climate Change, 2001) . Although global soil emissions of CO 2 are quantitatively large, CH 4 fl uxes in nonsaturated soils are generally small and therefore have little infl uence on net global warming potential estimates (Robertson et al., 2000) . However, signifi cant CH 4 fl uxes have occasionally been observed in association with natural grasslands (Chadwick et al., 2000) and in adequately drained agricultural soils (Chadwick and Pain, 1997; Chan and Parkin, 2001 ); excessive irrigation with cultivation of well drained soils can also lead to signifi cant CH 4 production (Mosier et al., 2006) . Agricultural practices are estimated to contribute up to 20 and 27% of the global anthropogenic CO 2 and CH 4 emissions, respectively (Intergovernmental Panel on Climate Change, 2006; Haile-Mariam et al., 2008) . When compared with CO 2 , global soil emissions of N 2 O are also quantitatively small (9.5 × 10 12 g N 2 O-N yr −1
) (Schlesinger, 1997) . However, N 2 O possesses a much higher global warming potential on a mass basis than CO 2 or CH 4 (1 kg N 2 O is equivalent to 296 kg CO 2 or 12.9 kg CH 4 ) (Intergovernmental Panel on Climate Change, 2001); agricultural practices have been identifi ed as contributing as much as 70% of anthropogenic N 2 O. Collectively, agriculture-derived CO 2 , CH 4 , and N 2 O contributions translate into 20 to 30% of the total radiative forcing of the greenhouse eff ect in the earth's atmosphere (Shine et al., 1995; Lokupitiya and Paustian, 2006) .
Th e prominence of nitrogen (N) in agricultural GHG contributions suggests that N management may be critical to GHG mitigation strategies. Most of the agriculturally sourced N 2 O emissions are linked to fertilizer and manure use (Lokupitiya and Paustian, 2006) . Th e N source, fertilizer rate, and other aspects of N management are well known drivers of N 2 O emissions in agricultural soils (Akiyama and Tsuruta, 2003; Drury et al., 2006; Parkin and Kaspar, 2006) . Animal manures provide soluble C and N for microbial respiration and denitrifi cation (Granli and Bockman, 1994) , and their management can enhance CO 2 and N 2 O emissions (Rochette et al., 2004b) . Timing of fertilization may also aff ect GHG production and emissions (Whalen, 2000) . Hence, diff erent crop production systems can have very contrasting results with respect to global warming mitigation (Lokupitiya and Paustian, 2006) , refl ecting their diverse infl uence on soil respiration and/or N 2 O emissions (Mosier et al., 2006; Parkin and Kaspar, 2006) . Recent critical reviews advocate judicious selection and implementation of N management practices and cropping systems to signifi cantly mitigate GHG emissions (Paustian et al., 2000; West and Post, 2002) .
With more than three decades of intensive research, singlefactor studies have thoroughly described the role of biophysical regulation factors, such as soil substrate availability (e.g., labile C and/or N), water content, and temperature, on GHG production and emissions, as reviewed by Dobbie et al. (1999) and Robertson and Grace (2004) . Synthesis of these studies underscore that GHG fl ux uncertainties at the fi eld scale reside in the complexity of interactions among soil properties, weather, N management, and cropping systems manifested in a system attribute that is inherently episodic and highly variable. Furthermore, to understand the full extent of cropland contributions to anthropogenic GHG and the mitigation potential of management modifi cations, cropland emissions need to be comparatively assessed with emissions from natural ecosystems, such as native or restored prairie (Cates and Keeney, 1987) . Th us, the objectives of this study were (i) to estimate fl uxes, seasonal emission/uptake rates, and fl ux variability of CO 2 , CH 4 , and N 2 O in corn cropping systems and restored prairie grass; (ii) to identify soil and weather control variables for gas fl uxes; and (iii) to assess the eff ects of diff erent N sources and time of application on soil GHG emissions/uptake.
Materials and Methods

Site and Treatment Description
Th is study was conducted at the Water Quality Field Station located at Purdue University Agronomy Center for Research and Education, West Lafayette, IN (40° 29' 55.20" N; 86° 59' 53.23" W; elevation 215 m) . Th e soil series are Drummer silty clay loam (fi ne-silty, mixed, superactive, mesic Typic Endoaquoll) and Raub silt loam (fi ne-silty, mixed, superactive, mesic Aquic Argiudoll). Th e mean air temperature and annual precipitation at the site are 12°C and 950 mm, respectively (data from 1977 to 2006). Th ere are 11 agricultural treatments that have been continuously applied since 1998 in a randomized, complete-block design with four replicates. A restored prairie grass (PG) treatment serves as an analog for a natural ecosystem. Th e predominant species in the PG treatment was big bluestem (Andropogon gerardii Vitman); these plots were established in 1992 and are annually burned in the early spring. Plots are 10 m wide and 48.5 m long. Each plot is individually drained with plastic agricultural tile (0.1 m diameter) installed in the longitudinal center of the plots at a depth of 0.9 m. A subset of six treatments was chosen for this study. Th e managed agro-ecosystems in our study were corn-soybean rotation with sets of experimental plots for both crops (corn [CS] and soybean [SC] ) in any given year, continuous corn (CC), and PG.
Th e N sources for corn treatments were urea-ammonium nitrate 28% N (UAN) side-dressed at corn growth stage V5 at university-recommended rates of 157 and 135 kg N ha −1 yr −1
for CC and CS, respectively (Vitosh et al., 1995) , and liquid swine manure (C/N ratio: 2:1, 80% of N as NH 4 + ) injected into CC at a rate of 255 ± 24 kg N ha −1 yr −1 in the spring (spring manure [SM] ) or the fall (fall manure [FM] ). Th e six treatments were PG, CCSM, CCFM, CCUAN, CSUAN, and SC. Urea-ammonium nitrate and manure were placed at a depth of 0.10 m in the soil by mechanized knife and injector, respectively. Tillage operations were chisel in the fall and chisel plus disk in the spring for all cropped plots, with the exception that SC and CCFM experimental plots did not receive fall chisel tillage. Corn (Zea mays L.) hybrid B5737CL and soybean [Glycine max (L.) Merr.] B323 were planted at a population density of 73,142 and 469,490 seeds ha −1 , respectively. Dates of major fi eld activities during 2 yr are summarized in Table 1 .
Field Measurements and Laboratory Analysis
To monitor GHG (CO 2 , CH 4 , and N 2 O) at the soil surface, 40 fi eld samplings were performed over two consecutive growing seasons (8 Mar. 2005 to 28 Nov. 2005 and 3 Mar. 2006 to 12 Dec. 2006 . Sampling times were selected to be within a week after major fi eld activities or events and/or with a regular weekly schedule from corn planting on 5 May 2005 or 9 May 2006 to corn growth stage R1 on 25 July 2005 or 27 July 2006. Every year, 11 fi eld samplings were done from planting to R1 (approximately three, four, and four fi eld samplings in May, June, and July, respectively). We used two-part (base plus cap) aluminum vent static rectangular chambers that were 0.40 m wide and 0.75 m long for an area of 0.30 m 2 after Hutchinson and Livingston (1993) . Th e chamber caps were 0.15 m high for a headspace of 0.045 m 3 and had a butyl rubber septa as a sampling port and a copper vent tube of 0.10 m length and 4.8 mm diameter for pressure equilibration. Th e chamber bases had a channel along their upper edges to permit water to seal between bases and caps at the beginning of each sampling. One chamber base was placed per treatment plot at a depth of 0.10 m in the soil at a minimum of 3 m from the plot edge and at least 24 h before sampling. Th e chamber bases were placed perpendicular to the crop row and centered on both plants and N band (if applied). All samples and measurements were taken avoiding the wheel tractor track. Chamber bases were removed as needed for fi eld activities and subsequently reinserted in exactly the same location.
For most treatments and samplings, plants were kept in the chamber areas because we wanted to include in our measurements the eff ect of growing plants on N 2 O and CH 4 emissions/ uptake (Mosier et al., 2006) . Chamber caps were large enough to accommodate the shoot growth of soybean and prairie grass throughout the growing season. However, corn shoots became too large for the chambers by growth stages V8-V9. Corn plants were cut off at the soil surface and removed from the chamber areas on 1 July 2005 and 3 July 2006 (at least 72 h before the fi rst sampling in July of both years) to permit active N uptake (Haider et al., 1987 (Haider et al., , 1993 and root growth in the soil inside the base chambers during the two fi rst months of corn growth.
All fi eld observations and sample collections were made by replicate and were constrained to the specifi c midday time frame (12-3 pm eastern standard time) when biological activity and fl ux rates were expected to be greatest (Bajracharya et al., 2000; Jacinthe and Lal, 2004) . Four sequential 25-mL samples per chamber were collected through the rubber septa by manually inserting a gastight, 50-mL polypropylene syringe at 6-min intervals (0, 6, 12, and 18 min) starting immediately after placing the chamber cap. Th e 20-mL gas samples were transferred into 12-mL soda glass vials (Exetainer, Labco, High Wycombe, UK) previously evacuated at 3.20 kPa. Th e resulting overpressure in the vials (168 kPa) was expected to reduce the contamination from outside air. Simultaneously, soil temperature (ST) was measured directly at 0.10 m depth, and soil water content at 0-0.12 m depth was measured by nondestructive probe time domain refl ectometer (TDR 300 Serial 346; Field Scout Spectrum Technologies, Plainfi eld, IL) within 1 m of the chamber. Air temperature, daily average soil temperature (DAST), and rainfall were obtained from the weather station (30-min resolution) within 2.2 km of the experimental site. Precipitation data were aggregated for 24, 48, 72, 96, 120 , and 144 h before each sampling date.
Within a week of collection, gas samples were analyzed for volumetric concentrations by gas chromatography (CP 3800; Varian, Sunnyvale, CA) after Arnold et al. (2001) . Th e gas chromatograph was equipped with an automatic sample injector system (GC PAL; CTC Analytics AG, Zwingen, Switzerland), gas cleaning fi lters for moisture (CP 17971; Varian) and for oxygen (CP 17970; Varian) , Porapak Q split column and triple-channel system using a thermal conductivity detector for CO 2 , a fl ame ionization detector for CH 4 , and an electron capture detector for N 2 O. Certifi ed standards of 1004 μL
, and 1.97 μL N 2 O L −1 were run for instrument calibration every 24 samples at 3-h intervals (3 Feb. 2005 ) (Airgas Specialty Gases, Chicago, IL). Chromatographic peak areas were used for quantifi cation with external calibration. Based on our analytical precision (≈5%), our minimum detectable fl ux was estimated to be +84, ± 0.34, and +0.12 nmol m −2 s −1 for CO 2 , CH 4 , and N 2 O, respectively.
Data Calculations
Volumetric gas concentrations were converted to molarity by the ideal gas law:
where P is atmospheric pressure of 0.9788 atm, V is the gas volume, n is the number of moles of the gas, R v is universal gas constant for volumetric conversion at 0.0821 L atm mol
, and T is room temperature (20°C) in °K. For each experimental plot at each sampling date, net fl uxes (effl ux or infl ux) were calculated using the regression coeffi cients (β 1 ) derived by fi tting curves to the measured gas concentrations plotted as a function of collection time (0-18 min) (Fig. 1) . Curve fi tting used simple linear least square regressions and assumed the diff usion rates were not changing with time. Midday (noon to mid-afternoon) gas fl uxes (Fgas expressed in mol m −2 s −1 ) were calculated as point fl ux measurements as follows:
where V c is the chamber volume (0.045 m 3 ), and A is the soil area covered by the chamber (0.30 m 2 ). Treatment means and standard errors for the fl uxes were estimated from replicates for each sampling time. Gas fl ux deviations (Dev Fgas) for a given treatment and sampling date were estimated as the absolute value of the diff erence between each Fgas observation and the treatment mean.
Corrections were applied to Fgas data for each experimental plot and sampling date before calculating cumulative GHG emissions/ uptake at the soil surface and CO 2 equivalents (CO 2 -C equiv.). First, a Q 10 relationship was used to correct for the deviation of soil temperature at the time of sampling from the daily mean and to convert an Fgas measurement to a daily fl ux estimate (DFgas expressed in mol m −2 s
−1
). Th e Q 10 algorithm was applied to CO 2 fl ux (FCO 2 ) observations from corn treatments only and nitrous oxide fl ux (FN 2 O) observations from all treatments. Subsequently, DFCO 2 values that included corn canopy respiration were further corrected to remove canopy-derived CO 2 . Th e DFCO 2 values from soybean and prairie treatments could not be calculated because bare soil FCO 2 measurements were too sparse to provide suffi cient observations from which to estimate the confounding eff ect of canopy. After Q 10 correction, no further corrections were applied to DFN 2 O. No systematic corrections were made on methane fl ux (FCH 4 ) (all treatments) due to the lack of any observed association with soil temperature.
Th e Q 10 correction follows Borken et al. (2003) and Kaspar (2003, 2006) with minor modifi cations as follows:
where Q 10 is a temperature coeffi cient that refl ects the relative Fgas increment when soil temperature is increased by 10°K. We derived Q 10 from a nonlinear approach using the Arrhenius kinetic model. Th e Arrhenius equation can be expressed as:
where A is the Arrhenius value (dimensionless), E is the apparent activation energy (J mol
), e is the base of natural logarithm (2.718), and R t is the ideal gas constant for thermodynamic calculations (8.31 J mol
). For convenience, the Arrhenius equation can be log-transformed as follows:
Th is transformation permits A and E values to be derived by linear regression with Ln Fgas estimated as a function of 1/ST, where -E/R t is the regression coeffi cient and Ln A is the intercept. After estimating the model parameters, we used Eq.
[4] to predict Fgas at soil temperatures of 25 and 15°C. Th e Q 10 coeffi cients were calculated by dividing predicted Fgas at 25°C by predicted Fgas at 15°C. We chose 15 and 25°C because our average soil temperature was 21°C and because the observed soil temperature was within this range for half of the gas sampling dates.
Canopy Correction Method
For the June corn FCO 2 measurements that were confounded by canopy respiration and/or photorespiration, we developed a supplemental correction algorithm. Th e canopy-corrected DFCO 2 was estimated from a weighted moving average conditioned by a variability modifi er. For each corn treatment plot, weighted moving averages ( and modifi ed by an inverse distance weighting interpolation component. Th e interpolation component uses the seven nearest neighbors in time and provides algorithm stability at extreme DFCO 2 values. Th e regressive component is a robust parametric approach because each intercept and regression coeffi cient ( Fig. 1 ) can be statistically tested (e.g., Ho: β 0 = 0, β 1 = 0, β 1a = β 1b ) before use, thereby permitting noisy, nonsignifi cant parameters to be excluded. Weighted moving averages were calculated as: ( )
where β May , β June , and β July are monthly regression coeffi cients (β 1 ; Eq.
[2]) from six simple linear regression models (Fig. 1 ) using all individual observations of each experimental plot, d i is the lag time between a 2 XD CO F and its seven nearest neighbors in time (DFCO 2 , n = 7), p is power 2, and HR is the half-range defi ned as follows:
where median, maximum, and minimum DFCO 2 were estimated across all corn treatment means and sampling dates in the June months. 
where rST is the soil temperature mean within each corn plot for a given gas sampling date in the June months, 2 s CO F is the midday CO 2 fl ux (FCO 2 ) mean within each sampling date in the June months for a given plot, ST and 2 CO F are the means of soil temperature and midday CO 2 fl ux, respectively, calculated across all corn treatment replicates and sampling dates in June. Th e soil temperature means ratio provides spatial variability, and the FCO 2 means ratio adds temporal variability to a canopy-corrected DFCO 2 value. On average, values of FCO 2 were reduced 14% across the corn treatments when applying the Q 10 relationship, whereas our proposed canopy respiration correction reduced June values an additional 12%.
We calculated cumulative soil CO 2 -C (corn treatments only), CH 4 -C, and N 2 O-N emissions/uptake (kg C or N ha −1 yr −1 ) using DFCO 2 (except for June measurements when canopycorrected DFCO 2 values were used), FCH 4 , and DFN 2 O data, respectively. Cumulative emissions/uptake of each GHG was estimated by linear interpolation between sampling dates followed by numerical integration of the area under the curves based on the trapezoidal rule. For corn treatments only, cumulative CO 2 -C equiv. (expressed in kg C ha
) were calculated by summing CO 2 , normalized CH 4 , and normalized N 2 O cumulative emissions/uptake on a mass basis (kg ha
) after Hao et al. (2001 Hao et al. ( , 2004 . To normalize CH 4 and N 2 O cumulative fl uxes to CO 2 -C equiv., the mass of CH 4 and N 2 O (kg ha
) were multiplied by the IPCC values of 23 and 296, respectively (Intergovernmental Panel on Climate Change, 2001; third assessment). Lifetime for CH 4 and N 2 O were assumed as 12 and 114 yr, respectively; therefore, IPCC values were selected for a time horizon of 100 yr. Within each experimental year, we made separate calculations for the entire growing season and for the planting-R1 period (corn planting to fl owering). We did not report CO 2 -C and CO 2 -C equiv. for PG and SC treatments because plants were not removed from chambers at any sampling time, and therefore results from these treatments could not be directly compared with those from corn treatments. Furthermore, none of our CO 2 -C and CO 2 -C equiv. values included CO 2 uptake due to plant photosynthesis in these managed ecosystems; therefore, they may refl ect only partial budgets of GHG transport at soil surface.
Statistical Analyses
All datasets were assessed for infl uential points, homogeneity of variance, and normality by Cook's distance, Bartlett We assessed treatment eff ects on temporal Fgas patterns by unbalanced, repeated measures analysis of covariance (RM ANCOVA) models (in PROC MIXED) after Littell et al. (1996 Littell et al. ( , 1998 . Soil temperature was the covariable for FCO 2 and FN 2 O, whereas FCH 4 was run with no covariable. Th e covariance matrices in the models were variance components for FCO 2 and FCH 4 and compound symmetry for FN 2 O. Fixed eff ects in the three models were treatment, sampling date, and treatment-by-sampling date interaction. Multiple comparisons were evaluated by Simulation and Tukey-Kramer tests. Results from the two tests agreed with each other. We selected the Simulation test to ensure precise control on the family-wise error.
Pearson Product Moment Correlations (r) were run among covariates (e.g., temperature, soil water content, and accumulative rainfall). Spearman Rank Order Correlations (ρ) were calculated for covariates versus each of the three Fgas and their Dev Fgas on untransformed data. We used the Spearman Correlations technique due the lack of normality on Fgas. We performed stepwise multiple linear regressions on transformed data sets to assess the impact of covariates on all Fgas and Dev Fgas. Th e FCO 2 and Dev FCO 2 datasets for model development included only observations not confounded by canopy respiration. In addition, we partitioned FCH 4 , Dev FCH 4 , FN 2 O, and Dev FN 2 O data sets into three subsets to identify unique relationships for specifi c treatments. Th e fi rst subset contained only PG and SC data, the second subset included only plots with UAN applied to corn (CCUAN and CSUAN) , and the third subset included only plots receiving manure (CCSM and CCFM). Vari-able selection for all models was based on the variance infl ation factor for multicollinearity, the cp criterion, and the adjusted R 2 (Rawlings et al., 1998; Freund and Littel, 2000) .
Although cumulative emissions/uptake data were not normally distributed and variance was not constant, Box Cox transformation did not change the outcomes of multivariate analysis of variance models signifi cance and treatment means separation. Th erefore, we reported treatment eff ect results from multivariate analysis of variance (PROC GLM) run on untransformed CO 2 -C, CH 4 -C, N 2 O-N, and CO 2 -C equiv. data. Tukey Honest Signifi cant Distance test and Contrasts were performed for multiple mean comparisons. Estimations and signifi cance statistics were processed at α = 0.1. Statistical analyses were performed using SAS 9.1 (SAS Institute, 2002) or SigmaStat 3.1 (SYSTAT Software, 2004) .
Results
Temporal Patterns and Management Eff ect on GHG Fluxes
Th e RM ANCOVA found no signifi cant treatment eff ect for midday CO 2 fl ux (FCO 2 ) across all four corn treatments during the two experimental years ( Fig. 2A) . Although not statistically signifi cant, FCO 2 was 2.9 times greater in CSUAN than in CCFM in the early spring of 2006 (21 April). Likewise, FCO 2 was 1.7 times greater in CCFM than in other corn treatments soon after the fall manure application in late 2005 (21 November). During the two experimental years, the corrected daily mean FCO 2 (DFCO 2 and canopy-corrected DFCO 2 for June measurements; Fig. 2B (Fig. 3A) .
Th e majority of FCH 4 were not markedly diff erent from zero for most treatments and sampling dates, fl uctuating from positive to negative throughout both growing seasons (Fig. 4) . Th e RM ANCOVA identifi ed weak but signifi cant diff erences among treatments (P = 0.038). A Simulation test indicated that CCSM had distinct FCH 4 seasonal pattern when compared with CCUAN (P = 0.018) and CSUAN (P = 0.087) during both experimental years. In general, the two UAN treatments often registered modest, intermittent infl uxes (≥−3.17 nmol m −2 s Peak FN 2 O occurred after N applications (Fig. 5) . A modest peak occurred after spring manure application in 2005. Several sharp, high peaks in June 2005 followed N side-dressing in CCUAN and CSUAN, which was preceded by 4 d of well distributed rainfall (20 mm). A set of modest peaks was observed in July in all corn treatments. Finally, a single modest peak occurred after the fall manure application in CCFM, whereas the other treatments had already declined to minimum background fl uxes. During 2006, the CCSM started releasing N 2 O to the atmosphere immediately after the manure application and continuously exhibited relatively moderate effl uxes through mid-summer. Th e other three corn treatments (CCFM, CCUAN, and CSUAN) produced intermittent but modest peaks of FN 2 O in the same time frame. In 2006, peaks tended to be broad, whereas in 2005 they were relatively sharp, pulse emissions.
Soil and Weather Covariates and Regression Models for GHG Fluxes
Rainfall and soil water content showed ample temporal fl uctuations during the two experimental years with a dry end-of-summer in 2005 and more abundant, well distributed rainfall in 2006 (Fig. 3B) . Mean monthly precipitation during our sampling season (March to late fall) was 1.5 times greater in 2006 than in 2005 (96 and 63 mm mo −1 , respectively). As expected, soil water content measured at midday was associated with accumulated rainfall 24 and 48 h before sampling; the Pearson correlations values were 0.36 (P < 0.001) and 0.37 (P < 0.001), respectively.
Of the environmental covariates assessed, soil temperature possessed the highest ρ values for each of the three midday gas fl uxes (Fgas) and their deviations (Dev Fgas) ( Table 2) . Accumulated rainfall before sampling was also signifi cantly associated with FCO 2 and FN 2 O and their deviations. Stepwise regression confi rmed soil temperature and accumulated rainfall before sampling as signifi cant, positive drivers of FCO 2 , Dev FCO 2 , FN 2 O, and Dev FN 2 O (Table 3) . Accumulated rainfall 120 h before sampling was a signifi cant predictor for CO 2 , whereas accumulated rainfall 72 h before sampling was a signifi cant predictor for N 2 O. Multicollinearity (variance infl ation factor <10) was absent, and no interaction terms were signifi cant in any regression models. Among all regressions, the model for FCO 2 had the highest goodness of fi t (R 2 = 0.64), whereas models for FCH 4 and Dev FCH 4 were very weak (R 2 ≤0.06). Regression analysis performed on partitioned FN 2 O data revealed certain treatments as main drivers of the overall relationships between FN 2 O or Dev FN 2 O and environmental covariates. Th e UAN subset had the highest signifi cance and goodness of fi t among the three subset models, and these rela-tionships were stronger than those observed for the full dataset. Regressions relationships for the manure subset were similar to those of the full dataset, whereas the PG and SC subset showed relatively weak relationships between FNO 2 or Dev FNO 2 and the environmental variables (R 2 ≤ 0.08). 
Cumulative Seasonal Emissions/Uptake of GHG
Cumulative mean annual CO 2 (CO 2 -C) emissions were not signifi cant across corn treatments (Table 4) . Th ere was, however, a signifi cant treatment eff ect on cumulative mean annual CH 4 (CH 4 -C) when evaluated over the entire growing season but not when treatments were evaluated only within the planting to R1 growth stages. Although spring manure (CCSM) registered the largest CH 4 -C emissions (0.329 kg ha −1 yr ) showed evidence of CH 4 uptake, and the diff erence between these treatment sets was signifi cant. Furthermore, specifi c contrasts identifi ed a signifi cant diff erence between the two UAN treatments (CCUAN and CSUAN), which exhibited net CH 4 accumulation, and the two manure treatments (CCSM and CCFM), which exhibited net CH 4 emissions. Th ese diff erences were signifi cant for the entire growing season (P < 0.004) and the planting-R1 period (P ≤ 0.05). Restored prairie grass had null net fl uxes. In contrast to CO 2 and CH 4 results, cumulative mean annual N 2 O (N 2 O-N) emissions exhibited remarkable statistical diff er- ences among treatments (P ≤ 0.001) for the entire growing season and for the planting-R1 period (Table 4) , with approximately 40% occurring in the planting-R1 period; the difference between CCFM and CCSM was statistically diff erent in almost all evaluated time frames. Selected contrasts identifi ed signifi cant N 2 O-N emissions diff erences (P < 0.001) for numerous cropping system comparisons. With UAN fertilization, CCUAN showed a much larger N 2 O emissions than corn-soybean rotation (CSR) and, within CSR, CSUAN emissions were much larger than the SC emissions. Th us, when compared with CCUAN, the reduction associated with CSR can be attributed to the SC year.
Among corn treatments, estimated CO 2 -C equiv. values were statistically diff erent only within the 2006 growing season (P = 0.022; Table 4 ). In this year, the CCSM and the CSUAN exhibited greater CO 2 -C equiv. emissions than CCFM, whereas CCUAN emissions were not diff erent from any other treatment. A Contrast test corroborated the signifi cant treatment diff erences between CCSM and CCFM (0.1 > P > 0.05).
Discussion
Management Eff ect on Nitrous Oxide Fluxes
Nitrous oxide emissions determined the major diff erences among corn treatments in our study. Cumulative seasonal emissions (Table 4 ) and temporal fl ux patterns (Fig. 5) of N 2 O were very distinct across treatments and/or between years. Previous studies (Robertson et al., 2000; Six et al., 2004; Amos et al., 2005; Venterea et al., 2005; Mosier et al., 2006) have also found evidence that N 2 O emissions had a predominant, driving role with respect to soil contribution to the GHG eff ect.
Our study provides the fi rst comparative documentation of the distinct N 2 O emissions patterns among side-dressed UAN and fall and spring liquid swine manure applications in the Corn Belt. In keeping with previous studies, timing of N application was a main driver of cumulative seasonal N 2 O emissions. For the Midwestern USA, Ginting and Eghball (2005) , Parkin and Kaspar (2006) , and Mosier et al. (2006) reported large N 2 O emissions within 2 mo of side-dressing corn. Likewise, Rochette et al. (2000) in corn fi elds in Eastern Canada and Sherlock et al. (2002) in pasture in New Zealand observed major N 2 O pulse within 3 mo after swine manure applications. In our study, not only did main N 2 O peak effl uxes take place after most N applications, but there were also strong cumulative, seasonal N 2 O emissions diff erences between spring and fall manure treatments (Table 4) . Although year-to-year variability of N 2 O fl ux patterns restricts fi rm generalizations from our study, manure application timing clearly showed a strong impact on N 2 O emissions because spring application resulted in 1.8-and 3.4-fold greater emissions when compared with fall application (Table 4) . In a 1-yr experiment in Eastern Canada, Rochette et al. (2004b) also found 1.9 times greater N 2 O emissions with spring versus fall land application of pig slurry; these authors attributed lower N 2 O emissions with fall application to limited nitrifi cation refl ecting cold and wet soils. linear regression models for FCO 2 , FCH 4 , and FN 2 O and their deviations in both full datasets *** NS NS NS NS NS *** NS GS ¶ vs. P-R1 ¶ *** NS *** *** ¶ ¶ ¶,*,**,*** Signifi cance of contrasts for multiple means comparison at 0.1, 0.05, 0.01, and 0.001 probability levels, respectively. † Analysis performed on nontransformed data. ‡ CCSM and CCFM, continuous corn with spring and fall liquid swine manure; CCUAN, continuous corn with urea-ammonium nitrate; CSUAN and SC, corn and soybean years within corn-soybean rotation, respectively; PG, restored prairie grass.
§ As a comparative index on CO 2 equivalent basis, CO 2 -C equiv. was calculated by the sum of all three greenhouse gases after normalizing CH 4 and N 2 O assuming 1 kg of CO 2 is equal to 23 and 296 kg of Corn-soybean rotation may mitigate N 2 O emissions when compared with continuous corn production. With UAN fertilization, we found that continuous corn emitted 2.2 times more cumulative seasonal N 2 O than the corn-soybean rotation (Table  4) , a diff erence driven by the fi vefold lower emissions recorded in the soybean versus corn year of the rotation. Th is low level of seasonal N 2 O emission from soybean (<1.5 kg ha −1 yr −1
) was previously reported for US and Canadian soybean production (Jacinthe and Dick, 1997; Rochette et al., 2004a; Mosier et al., 2006) . As in other studies (Jacinthe and Dick, 1997; Grandy et al., 2006; Mosier et al., 2006; Parkin and Kaspar, 2006) , our study identifi ed minimal seasonal carryover of N 2 O emissions from corn to soybean years within the rotation (Table 4 and Fig. 5 ).
Our range of cumulative seasonal N 2 O emissions observed for corn treatments (2.79-9.55 kg N 2 O-N ha −1 yr −1 ) ( Table  4 ) is in general agreement with the estimations from multiple previous studies (summarized in Table 5 ), although specifi c differences are evident. Results in Mosier et al. (2006) are approximately one half the magnitudes reported here. In this case, the diff erences between studies may be explained by lower precipitation at their experimental site in Colorado (383 mm yr ). In contrast, Parkin and Kaspar (2006) observed higher emissions than observed in our study. Here, diff erences in UAN rates may account for the disparity between studies as Parkin and Kasper applied 202 kg ha −1 yr −1 to corn grown in rotation with soybean where we applied only 135 kg UAN-N ha −1 yr −1 . Restoration of prairie grass on cropland may sharply reduce N 2 O emissions. With no N application, the cumulative seasonal N 2 O loss in restored prairie grass was 24 times lower than the average of the four corn treatments (Table 4) ) closely agrees with Cates and Keeney (1987) , who characterized the N 2 O fl uxes from native and restored prairie grass (Andropogon gerardii) as 0.06 nmol m −2 s −1 . Low N 2 O emissions in prairie systems suggest eff ective competition by roots for any modest inorganic N availability, thereby restricting substrate for microbial transformation into N 2 O. In our study, low PG emissions may also refl ect an N-limited system. In a related work, Hernandez-Ramirez et al. (2009) report approximately 50% higher C/N ratios in the fi ne particulate organic matter fraction in PG when compared with all other treatments.
Management Eff ect on Methane and Carbon Dioxide Fluxes
Methane fl uxes were quantitatively modest when compared with N 2 O and CO 2 and did not seem to infl uence CO 2 -C equiv. values in our study. Soils varied from small source to minor sink of methane, with diff erences refl ecting the N source (Table 4) . Soils receiving liquid swine manure exhibited cumulative seasonal CH 4 losses, whereas UAN fertilization resulted in net CH 4 consumption (Table 4) . In our study, the manure injection was shallow (≈0.10 m) and introduced organic C (510 ± 52 kg ha
) and water (≈63 m 3 ha −1 yr
−1
). Chadwick et al. (2000) also observed soil CH 4 production with dairy and swine manure applications in native grasslands and suggested shallow manure injections may have enhanced CH 4 production. Chadwick and Pain (1997) and Sherlock et al. (2002) further suggest that manure applications may enhance CH 4 production by favoring soil microsite anaerobiosis and surface sealing. Our observation of cumulative seasonal CH 4 infl ux in plots receiving UAN may refl ect ammonia-oxidizing bacteria switching to a less energy-favorable methane oxidation pathway when soil ammonium supply declines (Hanson and Hanson, 1996) . Th e measured CH 4 uptake in corn fertilized with UAN is in general agreement with Bronson and Mosier (1993) and Delgado and Mosier (1996) , who found no inhibitory eff ect of synthetic N fertilization on CH 4 oxidation in soils. Likewise, Venterea et al. (2005) examined inorganic N sources and rate in rotational corn and found a majority of negative CH 4 fl uxes with a variety of N fertilizers. Conversely, other studies (Hütsch, 1996; Mosier et al., 1998; Hilger et al., 2000) have reported decreases in CH 4 oxidation as a result of increases in ammonium fertilizer rates, demonstrating the inconsistent patterns and complexity of CH 4 fl uxes. Minimal corn treatment eff ects were observed on CO 2 fl uxes for both entire growing seasons and planting-R1 periods (Table  4) . Th e highly variable nature of gas fl uxes coupled with the early stage of the experiment (seventh and eighth years after treatment establishment) may have restricted the separation of treatment means. Studies that have identifi ed treatment eff ects on CO 2 fl ux have had consistent treatments in place for many years. Observations by Rochette et al. (2000) of wide diff erences in CO 2 emissions from diff erent N managements including swine slurry occurred in the 19th year of treatment application. Furthermore, Six et al. (2004) identifi ed dependency of GHG mitigation potential on the duration of the experiment, suggesting eff ective mitigation only after long-term (>10 yr) implementation of improved management. Mean annual CO 2 emissions observed in our study (3350-5570 kg CO 2 -C ha −1 yr −1
; Table 4 ) were slightly higher than estimations from previous studies (Table 5) . However, the highly variable nature of CO 2 emissions may account for any discrepancy in these wide ranges.
Soil Temperature and Rainfall Events Controls on Greenhouse Gas Fluxes
Soil temperature was the main driver for seasonal and temporal midday FCO 2 and FN 2 O changes, whereas quantity of accumulated rainfall before sampling acted as a short-term driver in temporal FN 2 O fl uctuations (Tables 1 and 2 ). Increasing soil temperature and rainfall generally stimulate microbial processes related to the production of CO 2 and N 2 O (Bremner and Blackmer, 1981; Kirschbaum, 1995) . In addition, increasing soil temperature may increase gas diff usivity (Smith et al., 2003) . Data from previous studies (Lessard et al., 1994; Chan and Parkin, 2001; Venterea et al., 2005) support the direct control of soil temperature on the GHG transport. Likewise, Jacinthe and Dick (1997) , Borken et al. (2003) , and Parkin and Kaspar (2004) support the driving role of rainfall events on GHG fl uxes at the soil surface. Excessive rainfall can also decrease gaseous connectivity among micropores within soil aggregates and enhance N 2 O effl uxes by temporally reducing oxygen diff usion into and through soils (Sexstone et al., 1985) .
Th e distribution patterns of N 2 O effl uxes substantially differed between years as a function of major rainfall events ( Fig.  3B and 5 ). Data by Sherlock et al. (2002) support the linkage between the shape of N 2 O peaks and soil moisture fl uctuations (rainfall-evapotranspiration) in soils receiving swine manure applications. Likewise, studies of UAN fertilization in corn showed much sharper, higher peaks in years with major rainfall events (>60 mm) than in years with no pronounced rainfall events (Mosier et al., 2006; Parkin and Kaspar, 2006) . In our study, sharper, higher N 2 O peaks in 2005 may have been related to more extreme soil moisture cycling, whereas the broader, lower N 2 O peaks in 2006 may have resulted from a more uniform rainfall distribution pattern (Fig. 3B) . It is important to note that the study site design constraints necessitated using a narrower tile spacing (10 m) than is commonly practiced, and drainage intensity is interactive with rainfall patterns in determining subsurface water fl uctuations, which can also control soil N 2 O production. Elmi et al. (2005) found 30% greater N 2 O production rates with shallow water table (0.60-m depth) than in soils under free drainage (1-m depth) conditions. Hence, the drainage system installed in our experimental site may have decreased our overall FN 2 O results across all treatments.
Conclusions
In general, N 2 O fl uxes were highly responsive to management, with degree of coincidence between increasing soil temperatures, N fertilizer applications, and major rainfall events strongly infl uencing short-term N 2 O fl ux variations. Sharp diff erences in N 2 O emissions among corn treatments were driven by N source and application timing, suggesting that N management has a contributing role in global warming mitigation. Fall application of swine manure mitigated N 2 O emissions when compared with spring applications. However, reports of N 2 O emissions as aff ected by time of manure application are too few and swine diets are too varied (Velthof et al., 2005) to draw strong conclusions about optimal swine manure management. In the future, comprehensive studies of environmental impacts of manure applications should simultaneously address air and water quality eff ects because fall manuring likely results in higher N leaching losses. Corn-soybean rotation also diminished N 2 O emissions when compared with continuous corn, primarily refl ecting the very low emissions in the soybean year. Th us, current expansion of continuous corn production to meet biofuel feedstock demands may increase Midwestern agriculture's contributions to the GHG eff ect. Restoration of prairie grass on cropland minimized N 2 O emissions. However, N 2 O effl uxes in our prairie system might have been higher if tile drainage had been removed. Likewise, adding N fertilizer to restored prairie to boost biomass production for ethanol feedstock would increase N 2 O effl ux from this system. In our study, signifi cant treatment diff erences in CH 4 fl ux were minor, and the lack of N management eff ect on CO 2 -C equiv. likely refl ects the highly variable nature of GHG emissions coupled with the relatively young age of our treatment plots. Th is study did not address treatment impacts on soil C and N pools; there is an urgent need to integrate such information with GHG fl uxes to develop a comprehensive assessment of net global warming potentials when comparing diverse managed ecosystems. Additional data are needed to improve and/or verify the estimation of the cumulative GHG fl uxes from point measurements, including corrections for temperature and canopy respiration. Our GHG emissions/uptake may have been underestimated because our sampling scheme did not encompass fl ux measurements during the winter periods (December to February). Complexity and temporal variability restricted strong inferences for treatment eff ect and covariate identifi cation in our study. Our knowledge of the controls and magnitude of soil surface GHG fl uxes in diff erent climate and crop management techniques is still limited.
